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We report the first observation of the Mach cones excited by a larger microparticle (projectile) moving through a cloud of smaller microparticles (dust) in a complex plasma with neon as a buffer gas under microgravity conditions. A collective motion of the dust particles occurs as propagation of the contact discontinuity. The corresponding speed of sound was measured by a special method of the Mach cone visualization. The measurement results are incompatible with the theory of ion acoustic waves. We explore the analogy between a strongly coupled Coulomb system and a solid. A scaling law for the complex plasma makes it possible to derive a theoretical estimate for the speed of sound, which is in a reasonable agreement with the experiments in strongly coupled complex plasmas. 
I. INTRODUCTION
Dusty or complex plasma is a low-temperature plasma, which includes dust particles with sizes ranging from 1 to 10 3 µm. Due to the higher electron mobility, particles acquire a considerable electric charge. Thus, a strongly coupled Coulomb system is formed. [1] [2] [3] [4] [5] [6] [7] [8] In such plasma, various collective phenomena at the level of individual particles take place.
Complex plasmas are usually studied in gas discharges at low pressures, e.g., in the radio frequency (RF) discharges. Under microgravity conditions, a large homogeneous bulk of the complex plasma can be observed. The particles form a nearly homogeneous cloud around the center of the chamber, typically with a central void caused by the ions streaming outwards. The microgravity conditions are realized either in parabolic flights [9] [10] [11] [12] [13] or onboard the International Space Station (ISS).
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Some experiments are carried out on an inhomogeneous system consisting of the particles with different diameters. The simplest example of such a system is a large particle surrounded by a dense cloud of smaller particles. Usually, this particle called the projectile moves through the cloud with a supersonic or subsonic velocity. Such projectiles are generated using controlled mechanisms of acceleration, 10, 20 or they can appear sporadically.
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In the latter case, agglomerates or larger particles left over from previous experiments (not removed during the cleaning procedure and accumulated at the periphery of the particle cloud) are cracked upon illumination by the laser sheet or upon shaking the chamber. Detached individual particles acquire a negative charge and then they are accelerated due to the Coulomb repulsion. 22 In the recent studies, 10, 18, 19 excitation of the Mach cones by the supersonic projectiles was observed. Note that in the complex plasma, a soundlike collective motion of the dust particle is usually called the sound. In these studies, argon was used as a buffer gas. The determined speed of sound is not much different in performed experiments.
In this work, we report the first measurement of the speed of sound in the dust cloud by observation of the Mach cones in the case that neon is used as a buffer gas. The measured speed of sound proved to be more than twice lower than that in argon, which means that this quantity depends rather sensitively on the sort of a gas. We can account for observed dependences on the basis of a scaling law for the dust cloud obtained in Ref. 22 .
The paper is organized as follows. In Sec. II, we describe the experimental setup and the method of the Mach cone visualization. The details of experimental data processing and the results of speed of sound measurement are presented in Sec. III. A qualitative theoretical interpretation for our experiment is discussed in Sec. IV, and the results of this study are summarized in Sec. V.
II. EXPERIMENT
The experiment was performed during the 13th mission of PK-3 Plus on the ISS. Details The trajectories of the dust particles and projectile were monitored using the optical particle detection system, which consisted of a laser illumination system and a recording system, containing four progressive scan CCD-cameras. The illumination system is based on two The cameras follow the PAL standard with a resolution of 768 × 576 pixels. Each camera provides two composite time interlaced video channels with 25 Hz frame rate. Both video channels from one camera were selected for recording, so they were combined to a 50 Hz progressive scan video.
We observed two events of the projectile motion through the dust cloud. that observed perturbation is a contact discontinuity.
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Visualization of the Mach cone included the comparison of corresponding pixels for each pair of two successive video frames converted to 8-bit grayscale mode negative images. If a gray value for the latter image was within 10% of that for the former image, a corresponding pixel of the resulting image was left blank [i.e., it is white in Fig. 1(c) ]. Otherwise, the pixel assumed the value of the former image.
Although the dust particles form a strongly coupled system, they move around their equilibrium positions in the dust crystal. Typically, the positions of a dust particle in the successive frames differ by at least one pixel. Due to a low velocity, a point rather than a track in the image represents a particle. Consequently, many more of the unperturbed dust particles appear in the resulting image. However, if a particle finds itself in the contact discontinuity region, it is represented by a track due to a considerable velocity inside the perturbation. The tracks of neighboring particles overlap. Thus, a small region of the pixels with almost equal gray values is formed. Since the time interval between successive frames is 0.02 s, this region is shifted by 0.02 cm at the propagation velocity of 1 cm/s. If the perturbation thickness is larger than 0.02 cm (in our experiment, it is about 0.04 cm), its images in the successive frames partially overlap. This area of overlap is represented by the white pixels in the resulting image, which makes it possible to visualize the Mach cone in Fig. 1 (obviously, the dust-free regions are also represented by the white pixels). Note that the efficiency of other methods used in Refs. 10, 18, and 19 would be insufficient for the visualization if neon was used as a carrier gas.
III. DETERMINATION OF THE SPEED OF SOUND
It is well-known that the Mach angle θ is related to the speed of sound c s by the Mach cone relation sin θ = c s /u, where u is the velocity of the perturbation source (in our case, this is the projectile velocity), i.e.,
The projectile velocity was determined by manual measurement of the positions of the projectile track centers in different frames. The velocity proved to increase from 4.6 to 5.8 cm/s as the projectile crossed the dust cloud. The estimates show that such acceleration along with a slight curvature of the projectile trajectory, which could lead to a bend of the rulings of a cone, would have a negligibly small effect on the result of determination of c s as compared to the measurement errors.
The Mach angle can be determined using the vectors r d and r u that coincide with the lower and upper rulings of the Mach cone, respectively:
Alternatively, one can measure the Mach angle θ d (θ u ) between the vector r d (r u ) and the projectile displacement vector s, which coincides with the projectile track. Then
We determined the coordinates of the vectors r d , r u , and s manually in each frame, which allowed one to measure c s . Figure 2 illustrates the results. Method 1 denotes the calculation by the formula (2); method 2 implies averaging of sin θ given by Eqs. (2) and (3). It is seen that both methods yield close results and no apparent dependence on the coordinate can be revealed within experimental errors. Averaging over the entire path of the projectile leads to the estimate c s = 0.96 ± 0.14 cm/s.
The second event of the projectile motion through the dust cloud was detected at the neon pressure of 15 Pa. The other parameters were the same as for the first event. Here, the Mach cone can be resolved only in three processed images, which increases the error. The average projectile velocity for this event u = 2.4 cm/s is more than twice as low as for the above-discussed event, and the speed of sound still amounts to c s = 0.97 ± 0.51 cm/s, which is very close to the previous estimate. Thus, c s is more than twice as low as for argon 10, 18, 19 revealing the effect of the gas sort.
A clear resolution of the Mach cone rulings makes it possible to estimate the damping coefficient of the propagating perturbation as ν = (u/r) cos θ, where r is the base radius of the Mach cone. Like c s , ν reveals no apparent dependence on the coordinate along the projectile path and amounts to ν = 46 ± 3 s −1 for the first event and to ν = 32 ± 13 s −1 , for the second one.
IV. THEORY
Under the conditions of our experiment, the volume charge of electrons is negligibly small as compared to that of the ions and particles, 22 and the complex plasma can be treated as a system of negatively charged particles on the uniform positive background of the ions. Such situation is characteristic of strongly coupled Coulomb systems under high energy density.
Similarly to the theory of ideal collisionless plasma, the perturbation treated in this work is commonly associated with the ion acoustic wave with the speed of sound
where
2 is the dust particle charge in units of the elementary charge e, a d is the particle radius, T e is the electron temperature (the Boltzmann constant is set to unity), Φ d = eϕ/T e , ϕ is the electrostatic potential of a particle, T d is the particle temperature that is related to the average kinetic energy of a particle, M d = (4π/3)ρa 3 d is the particle mass, and ρ is the density of the particle material. For our experiment, T e ≃ 7 eV. If we use the orbital motion limited approximation 8 for determination of Φ d and set T d = T n , where T n = 300 K is the temperature of a buffer gas (room temperature), we arrive at the estimate c s = 10.2 cm/s. Obviously, this is yet a lower bound. Thus, we can ascertain at least one order of magnitude disagreement between experiment and theory, which cannot be removed by existing alternative approaches to the calculation of the particle charge. Therefore, the formula (4) is fully inapplicable for strongly coupled Coulomb systems.
We explore the analogy between a strongly coupled Coulomb system and a solid to derive an alternative estimate for the speed of sound. In the order of magnitude, c 
where n i is the ion number density and we used the quasineutrality condition
It was shown in Ref. 22 that the overlap of potentials of the dust particles, which scatter streaming ions, leads to the scaling law for the dust cloud that relates the particle number density to the particle radius: n
where κ is some constant (the "dust invariant"). We substitute this in (5) to derive
Unfortunately, neither n d nor n i are available for the experiment with neon. For this reason, we test the relation (6) on the experiments with argon (Table I ). It is seen that for n i = 5.5 × 10 8 cm −3 , which is close to typical values for argon, this relation yields a reasonable agreement with the experiment and reproduces the observed dependences of the speed of sound on the particle radius and electron temperature. Equation (6) reproduces the determined speed of sound for neon (0.96 cm/s) at n i = 1.0 × 10 8 cm −3 , which also seems to be a reasonable value because the ion number density in neon is typically one order of magnitude lower than that in argon 17 (however, κ may be different for neon). Note that (4) disagrees with the experiments with argon as well, albeit the disagreement is not as great as for neon. For example, it leads to c s = 4.4 cm/s for the experiment.
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Consider the damping of a propagating perturbation. The damping due to the friction between the dust particles and a buffer gas (neutral drag), which always takes place in the complex plasma, is characterized by the friction coefficient
4 is the accommodation coefficient, m n is the mass of a buffer gas molecule, n n and v Tn = (T n /m n ) 1/2 are the number density and thermal velocity of the buffer gas molecules, respectively. For our experiments, ν n = 109 s −1 at the neon pressure of 20 Pa and 82 s −1 , at 15 Pa. Comparison with the above-discussed measurements of the damping coefficient ν shows that the contribution from the neutral drag is noticeable but other mechanism of extinction (e.g., the size effects) should also be allowed for.
V. CONCLUSION
To summarize, we used the excitation of the Mach cones by large particles moving with the supersonic velocity for measurement of the speed of dust sound in a complex plasma with neon as a buffer gas. For this purpose, a high-definition method of the Mach cone visualization was developed. The determined speed of sound proved to be more than one order of magnitude lower than that predicted by the theory of the ion acoustic waves.
We propose an interpretation of these results based on the similarity between a strongly coupled Coulomb system and a solid. Using a scaling law that relates the dust particle number density to its radius, we obtained a theoretical estimate for the speed of sound, which describes the main regularities of sound propagation in complex plasmas. 
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